Survival and growth of Cedrela fissilis (Vell.) in mixed species forest plantations 
INTRODUCTION
Human influence on forest ecosystems is increasingly evident throughout the world (NOBLE; DIRZO, 1997) . Rapidly expanding population and economic growth in developing regions result in tropical forests being among the most affected (WRIGHT, 2005) . The growing sustainability chal- lenges posed by deforestation, forest degradation, climate change and invasive species (WRIGHT, 2010) conflict with increasing recognition of the multiple economic benefits provided by forests (PEARCE, 2001) .
Urgent need for decentralized forest management (AGRAWAL et al., 2008) has stimulated the search for new specific and market-based solutions that combine ecological and economic sustainability. One example of such solution are the recent changes to the Brazilian Forest Code, which requires 21 million hectares of local native forest to be maintained and/or restored as "Reserva Legal" (SOARES FILHO et al., 2013) . Apart of compulsory protection of the native forest the legislation also enabled a better system of compensation to landowners and managers. However, forest restoration in Brazil is still problematic, and there is a pressing call for forestry systems that would effectively combine native forest restoration and economic returns.
Mixed-species forestry plantations are potential solutions, as they usually provide a wider range of goods and services than monoculture plantations and may also contribute to biodiversity and natural vegetation recovery (LAMB et al., 2010) . The development of such a system is presently constrained by the limited commercial availability of native species (HIGA; SILVA, 2006) , and a general lack of knowledge about ecology and appropriate silvicultural techniques (LAMB et al., 2010) .
A good candidate for forestry is the cedar (Cedrela fissilis Vell.), an endangered tree species native to Brazil with high value timber (RUSCHEL et al., 2003) . In the wild, this species is usually found in low-densities in forest clearings with sufficient light to allow its development (MOSTACEDO; FRE-DERIKSEN, 1999) . These clearings may buffer trees from the negative effects of the mahogany shoot borer (Hypsipyla grandella) (D'OLIVEIRA, 2000) and low temperatures (CARVALHO, 1981; 1982; INOUE, 1972) , to which C. fissilis is susceptible. For these reasons, pure stands of this species are not viable (KAGEYAMA; CASTRO, 1989) and general silvicultural principles point to low-density plantation in association with a rapidly developing and cold-resistant species (CARVALHO, 2003; JOHNSON; TARIMA, 1995) such as pine.
Pine plantations are widespread in southern Brazil, and in 2012 they accounted for more than 1.5 million hectares (ABRAF, 2013) . Loblolly pine (Pinus taeda) is a cold-resistant pioneer species and therefore a good candidate for mixed plantations with C. fissilis. If viable, a mixed C. fissilis and P. taeda forestry system would serve the triple-purpose of fulfilling the "Reserva Legal" requirements for a planted forested system aimed at restoration; providing income for landowners; and finally improving the species status of an endangered native species.
Here, we evaluate the viability of a C. fissilis -P. taeda forestry until four years of age. Specifically, we experimentally test the impact of clearing size; of P. taeda cover and conspecific seedling density on the survival; and branching and growth patterns of C. fissilis.
MATERIAL AND METHODS
The present study was carried out at the Rio Feio (26.503ºS, 49.534ºW) and Rio da Veada (26.443ºS, -49.508ºW) farms in the Rio Negrinho municipality, Santa Catarina, Brazil (Fig. 1) . The landscape of the region is hilly, with an average altitude of approximately 800m. The region has a Mesothermal, warm temperate climate according to the Köppen climate classification, with a historical average temperature of 18.3ºC and historical average annual precipitation of 1572 mm (INPE, 2009) . Specifically, the temperature and precipitation during the experimental period are represented on figure 2 (data provided by Empresa de Pesquisa Agropecuária e Extensão Rural de Santa Catarina S. A. -EPAGRI).
In each farm, two field tests composed of gridded blocks (grid size 2.0 x 2.5m) were set up according to the description in Table 1 . The plantation of C. fissilis occurred at the same time as that of P. taeda in the Rio Feio farm (absence of cover) and independently, in a P. taeda plantation of approximately 6.8m height (presence of cover), in the Rio da Veada farm. The density of C. fissilis seeds varied within farm between blocks and, within each block, individual parcels were defined with varying clearing sizes surrounding each individual C. fissilis seed planted. The seeds used for this experiment were collected from trees within the study region (CUSATIS et al., 2013 The experiment started in November 2008 and measurements were collected 31 (May 2011), 38 (December 2011) and 49 (November 2012) months after the beginning of the field test. Measurements collected for C. fissilis included seedling survival (percentage of seedlings), stem diameter (cm), tree height (cm) and trunk branching (percentage of trees). Finally, we also recorded the number of C. fissilis individuals that showed signs of disease or damage.
Data analysis followed the analytic framework proposed by Resende and Sturion (2000) , using an unbiased estimator of treatment averages that takes into account genotypic and environmental biases in silvicultural experiments. This estimator is based on a Generalized Linear Mixed Model (GLMM) approach and, for a random block design with t treatments, b blocks and n plants per parcel (randomly sampled from a natural population), following the expression: in which μ is the estimated effect error, t i in the treatment effect, b i is the block effect, e ij represents the parcel effect, d ijk the individual effect, and assuming t i, e ij and d ijk as random effects and b i as fixed effect. The mean components estimated by the model are considered the Best Linear Unbiased Predictor (BLUP) (RESENDE, 2007) .
This approach was selected because the genotypic variability in the individuals used in the experiment may mask the treatment effect when the sample size is low and the individuals used for the experiment are not genetically identical. Under the BLUP modelling approach, block and individual effects retain most of the genotypic effects, which allows the different treatment effects to be decomposed and statistically compared (RESENDE, 1999; RESENDE; STURION, 2000) . DOI: dx.doi.org/10.18671/scifor.v46n119.03
The analysis was implemented in the software SELEGEN-REML/BLUP (RESENDE, 2007) , available for download from the Centre for Studies in Genetics and Plant Breeding, Federal University of Lavras webpage (http://www.nucleoestudo.ufla.br/gen/index.php/donwloads).
RESULTS AND DISCUSSION
Overall, the survival rates of C. fissilis decreased over time under all experimental conditions (Fig.  3) . Our results produced no evidence of differences in the survival rate of C. fissilis in relation to seedling density or clearing size, but the percentage of surviving seedlings was higher in experimental settings under the cover of P. taeda in comparison with open canopy plots. Specifically, the average survival rate of C. fissilis under the cover of P. taeda after 49 months of the experiment was approximately 50% of all seedlings planted, decreasing to approximately 5% under no-cover conditions. The percentage of surviving C. fissilis trees that branched after 49 months was high (>80%) under all experimental settings, and no significant differences were found between treatments (Fig. 4) . However, it should be noted that the low survival of C. fissilis under no-cover conditions did not allow for assessment of branching rate. Nonetheless, the percentage of trees that branched in earlier stages of the experiment suggests that branching rate would remain high under no-cover conditions.
We observed significant differences (p<0.05) in stem diameter in relation to clearing size under low C. fissilis density and under P. taeda cover after 49 months (Fig. 5) . In such conditions, stems developed better when C. fissilis was planted in larger clearings (25 m 2 ) than in smaller (10 m 2 ) ones. Although we did not find significant differences between the remaining experimental settings, the same trend of stem development was observed under low density and no cover, whereas the opposite trend was observed under higher densities. Once again, statistical comparison of stem diameter development under no-cover conditions at later stages of the experiment was impossible due to the high mortality rate of C. fissilis. C. fissilis were taller in smaller clearings throughout the experiment (Fig. 6 ) and these differences were significant both under cover (p<0.01) and with no cover (p<0.05), but only during the earlier experimental stages and under higher seedling density conditions. This is probably a statistical artefact resulting from the high mortality of C. fissilis, as later measurements support the trends observed in earlier stages of the experiment. Nevertheless, the mean height of C. fissilis seedlings was higher under low seedling densities and no-cover conditions, in line with the pattern observed for the remaining measurements.
Sci
Overall, no signs of disease caused by H. grandella were observed in C. fissilis throughout the four experiments. However, several trees showed signs of damage caused by frost and the majority of the affected plants ultimately did not survive.
Our results provide a preliminary but positive prognosis of the viability of a mixed C. fissilis -P. Taeda forestry systems in the fourth year. The percentage of C. fissilis individuals that survived at the end of the experiment was much higher when planted under the cover of P. taeda than when the cover was absent. Furthermore, the mortality rate of C. fissilis individuals under cover of P. taeda decreased throughout the experiment, but not for individuals planted without any protective cover. Both observations suggest a positive effect of P. taeda cover on the establishment of C. fissilis, and the presence of protective cover seems to be the most important factor driving the survival of C. fissilis throughout the experiment.
None of the C. fissilis trees in the experiment showed any signs of H. grandella damage, to which C. fissilis is highly susceptible (D'OLIVEIRA, 2000) . Host selection by H. grandella is determined by olfactory cues and the presence of other tree species may reduce the ability of the pest to locate its host. While these results do not allow any direct inference regarding the role of P. taeda in buffering against the attack of this pest, they provide additional support to earlier suggestions that it may provide a measure of protection (WEAVER; BAUER, 1986).
However, many of the individuals that died during the experiment showed signs of frost damage, suggesting that climate was the main limiting factor for C. fissilis survival. C. fissilis is highly susceptible to low temperatures and frost damage (CARVALHO, 1982 (CARVALHO, , 1981 NOUE, 1972) . Under-cover plantations are a common recommendation for species that are susceptible to frost (CARVALHO, 1978; INOUE, 1972) and previous studies have demonstrated high survival levels of C. fissilis under the cover of other species (TOLEDO FILHO; PARENTE, 1982) . Our study registered higher survival rates of C. fissilis individuals planted under the cover of P. taeda in comparison to individuals planted without protective cover. These results provide additional support for earlier suggestions that planting under cover may be effective to improve C. fissilis survival (CARVALHO, 2003; JOHNSON; TARIMA, 1995) .
Tree branching is a common response to frost stress, both in C. fissilis (CARVALHO, 1982) and other susceptible species such as Allophylus edulis (BIONDI et al., 2007 ), Balfourodendron riedelianum, Cabralea cangerana, Lafoensia pacari (CARVALHO, 1982 and Eucalyptus dunnii (HIGA et al., 2000) . In our experiment, branching was observed in frost-damaged plants: while all C. fissilis individuals planted without pine cover had branched by the end of the study, a percentage of covered trees did not branch independently of other experimental settings. This fact suggests that P. taeda cover may indeed buffer C. fissilis seedlings against frost damage, resulting in reduced stress levels and improved survival.
C. fissilis growth patterns provide a more complex picture. Our results suggest that P. taeda cover has a positive effect on C. fissilis development, but that clearing size and seedling density may also play an important role. Measurements of stem diameter and tree height were generally higher under experimental conditions of low seedling density and pine cover. We did observe an increase of both variables at later stages of the experiment under higher seedling densities and in absence of cover, but the low number of surviving individuals (<5%) does not permit statistical analysis.
Higher growth rates have been observed for other mahogany species, such as Big-Leaf Mahogany (Swietenia macrophylla) in monospecific plantations (GUIMARÃES NETO et al., 2004) , but these conditions also made the trees more susceptible to pest damage. Our experiment suggests that a mixed-species plantation may reduce the prevalence of H. grandella, but will result in an increase of intra-specific competition causing reduced growth at higher seedling densities.
Sci. For., Piracicaba, v. 46, n. 119, p. 357-366 Another important factor affecting the growth patterns of C. fissilis was the size of the clearing area. Stem diameter development was significantly higher only in larger clearings, but the opposite was true for seedling height. Even though C. fissilis is considered to have moderate tolerance to shading, these results may be explained by competition for light. Previous studies indicate that C. fissilis has higher survival rates (SOUZA, 1981) and improved growth patterns (GUARINO; SCARIOT, 2012) under moderate light intensities and can adapt its leaf morphology to such conditions (PAU-LILO et al., 2007) . However, the combination of lateral shadowing and top-canopy lighting in smaller clearings may stimulate vertical growth in earlier stages of development (MAYHEW; NEWTON, 1998), while stem growth seems be prioritised in larger clearings with abundant light.
Overall, our study provided the first information about the viability of plantations of C. fissilis in combination with P. taeda. Although, other factors such as regional climate conditions and soil characteristics would need to be considered. Frost damage is a clear limiting factor, while rainfall may also have important consequences for seedling development (RUIZ et al., 2013) and pest susceptibility (MORGAN; SURATMO, 1976) . There are also reports that compacted soils with reduced drainage capacity may affect the growth and survival of Cedrella species (MARSHALL, 1939) .
Finally, we cared especially for the role of genetic variability in this study, but the selection of more adequate genetic material requires further attention. Future studies that aim to further develop silvicultural recommendations for C. fissilis should take all of these factors into account and frame them within the local socio-economic conditions of the study region (our focus on P. taeda derives from its importance within the study region). By doing this, land owners are more likely to adopt recommendations and improve local forestry practices (WALTERS et al., 2005) .
CONCLUSIONS
(1) The cover provided by another species in the mixed-species forest plantations, at four years of age, may improve the survival rate of C. fissilis by reducing susceptibility to pests and frost damage, and; (2) C. fissilis should be planted in small clearings (~10m 2 ) as this significantly improves growth rates without negatively effecting survival. (3) We registered high branching rates of C. fissilis under most experimental settings, which is a sign of development stress. (4) Further research should focus on identifying management techniques that reduce stress levels during the growth stage, testing the effects of associating C. fissilis with different tree species, selecting appropriate genetic material for different environmental conditions, and working with land managers to integrate the most adequate silvicultural techniques into local practices.
